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Assessment of the calibration of gamma spectrometry systems in forest 1 
environments  2 
 3 
Keywords Portable gamma spectrometry; Monte Carlo simulation; Forest environments 4 
 5 
Abstract  6 
A Monte Carlo simulation was used to develop a model of the response of a portable gamma 7 
spectrometry system in forest environments. This model was used to evaluate any corrections 8 
needed to measurements of 137Cs activity per unit area calibrated assuming an open field 9 
geometry. These were shown to be less than 20% for most forest environments. The model was 10 
also used to assess the impact of activity in the canopy on ground level measurements. For 11 
similar activity per unit area in the lower parts of the canopy as on the ground, 10-25% of the 12 
ground based measurement would be due to activity in the canopy, depending on the depth 13 
profile in the soil. The model verifies that an optional collimator cap can assess activity in the 14 
canopy by repeat survey.  15 
 16 
1. Introduction 17 
Gamma spectrometry systems, either static in-situ or mobile measurements, are routinely used to 18 
determine radionuclide activity concentrations. Typically, these systems are calibrated assuming 19 
an open field geometry with laterally uniform activity concentrations and defined mass depths. 20 
However, in many situations these calibration assumptions will be invalid. Forest environments 21 
are one such example, of particular importance in Fukushima Prefecture where approximately 22 
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70% of the territory contaminated by the 2011 Fukushima Daiichi Nuclear Power Plant (FDNPP) 23 
accident is forested. 24 
 25 
Forests present several different issues that should be considered. Differences in soil properties 26 
result in different rates of diffusion of activity down the soil column, and hence potentially 27 
different depth distributions from adjacent pasture or agricultural land. The trunks of trees shield 28 
the detector, which will reduce the count rate in a detector system compared to the same activity 29 
distribution on open ground. It is known that increasing source burial depth reduces the field of 30 
view of detectors in open ground (Tyler et.al. 1996), and thus it is expected that source depth will 31 
also be a variable in the effect of forestry on detected radiation. The canopy may contain activity 32 
that can potentially be measured by the detector system.  33 
 34 
The work presented here uses Monte Carlo simulations of a typical portable gamma 35 
spectrometry backpack system, coupled with experimental verification. The system used for this 36 
work is based on a 76x76 mm cylindrical (3x3”) NaI(Tl) detector, and is also equipped with an 37 
optional collimator cap to attenuate radiation from the canopy (Sanderson et.al. 2016). The 38 
expected implications for other detector systems are discussed. 39 
 40 
Monte Carlo methods have been used to calculate dose rates from simulated activity distributions 41 
in open field and forested environments (Clovas et al., 1999; Malins et al., 2016). These methods 42 
have also been used to simulate the spectral response of NaI(Tl) detectors, at ground level and 43 
airborne survey heights, for open field geometries (Allyson, 1994; Allyson & Sanderson, 1998; 44 
Cresswell et al., 2001; Cresswell & Sanderson, 2012). The work presented here expands on these 45 
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earlier simulations, to simulate the spectral response of NaI(Tl) detectors to the more complex 46 
geometries presented by forest environments. 47 
 48 
 49 
 50 
2. Methods 51 
2.1 SUERC portable gamma spectrometer 52 
The system used here comprises a 76x76 mm NaI(Tl) detector with digital spectrometer and 53 
integrated GPS receiver. This system has been used for the evaluation of remediation in forests 54 
in Fukushima Prefecture (Sanderson et al., 2016; Cresswell et al., 2016), and the calibration has 55 
been validated against known open field reference sites in the UK and Japan (Cresswell et al., 56 
2013; Sanderson et al., 2013). A collimator, consisting of a plastic (nylon-6) 200 mm diameter 57 
and 150 mm height cylinder, with a 125 mm diameter and 100 mm depth central well, has been 58 
produced to attenuate radiation from above the detector. The system is shown schematically in 59 
Fig. 1. Angular response measurements in laboratory conditions using a 137Cs (662 keV) source 60 
predict that this collimator attenuates 42% of radiation from above, and 22% of radiation from 61 
the ground in open field conditions (Sanderson et al., 2016; Buchanan et al., 2016). 62 
 63 
2.2 Monte Carlo simulations 64 
A Monte Carlo simulation of this detector system has been developed using GEANT4 65 
(Agostinelli et al., 2003; Allison et al., 2006) (version 4.10.0 p-02, using the G4EMLOW 6.35 66 
library). The model has been validated by reproducing the response of a naked 76x76 mm 67 
NaI(Tl) detector described in the literature (Heath, 1964), and the angular response 68 
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measurements for the backpack system with and without the collimator (Sanderson et al., 2016; 69 
Buchanan et al., 2016).  70 
 71 
For the simulation of the Heath (1964) measurements a detector matching the description was 72 
used. For the backpack simulations the detector configuration matched the specifications of a 73 
Scionix Type 76 B 76 detector (http://scionix.nl/standard2.htm). The photomultiplier base unit 74 
including high voltage supply and digital spectrometer was matched to the Ortec digiBASE™ 75 
specification (http://www.ortec-online.com/download/digiBASE.pdf). These are detailed in the 76 
supplementary material, along with the external plastic canister, foam inserts, geographic 77 
positioning system (GPS) and collimator.  78 
 79 
A simplified generic forest was modelled, shown schematically in Fig. 2. The physical properties 80 
of trees vary considerably between different species and environments. Pettersen (1984) lists the 81 
composition of dry wood from various species as consisting of 65-75% carbohydrates (cellulose 82 
and hemicellulose), 18-35% lignin and 4-10% of minor components. Nilklas & Spatz (2010) 83 
tabulate greenwood (50% water) densities for heartwood and sapwood, at 400-700 kg m-3 for 84 
most species, with conifers having lower densities.  The model consists of trees with 50 cm 85 
diameter cylindrical trunks, composed of 35% cellulose, 15% lignin and 50% water (by mass) 86 
and a density of 400 kg m-3. The canopy is defined as a cubic volume on top of the trunks and 87 
extending half a tree spacing beyond the simulated forest, and consists of a uniform mixture of 88 
50% air, 40% leaf and 10% wood (by volume), with the leaves a mixture of 50% water and 50% 89 
cellulose (by mass) with a density of 250 kg m-3. Two geometries were simulated, a low canopy 90 
with a base 2 m above the ground and a high canopy with a base 4 m above the ground. A 91 
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canopy base less than 2 m above the ground is common for Japanese cedar and many other 92 
species commonly found in Japanese forests. The simulation modelled 36 trees placed in a 93 
square pattern with spacings between the trunks variable, for the work presented here two 94 
different trunk spacings of 2 m and 3 m were used, corresponding to stand densities of 95 
approximately 2500 ha-1 and 1000 ha-1 respectively. The soil is of the composition described by 96 
Beck (1972); density 1600 kg m-3 with major elemental composition 26.2% Si, 5.9% Al, 2.6% 97 
Fe, 24.4% Ca, 0.9% H, 1.0% C, and 39.0% O. (oxide mass fractions:  67.5% SiO2, 13.5% AlO3, 98 
10% H2O, 4.5% Fe2O3, and 4.5% CO2). It is recognised that the soil composition of forests, 99 
especially the litter and humic layers, will differ in composition and density from this. However, 100 
to first approximation, the mass attenuation coefficients for gamma radiation with energy >200 101 
keV has been shown to be independent of composition (Cresswell & Sanderson, 2012). If 102 
activity profiles are expressed in terms of mass depth then the effect of density variation in the 103 
soil column is also accounted for. These materials are also described in more detail in the 104 
supplementary material.  105 
 106 
Simulations were conducted for different source distributions. For activity on the ground, the 107 
simulations were conducted for uniformly distributed layers of zero thickness and 25 m radius at 108 
different linear depths, from which different depth distributions can be estimated by summing the 109 
outputs of each depth simulation. For activity in the canopy, the simulations were conducted for 110 
activity uniformly distributed in volumes of the canopy of thicknesses of 0.2 and 1.0 m. The 111 
counts in the full-energy peak in the simulated spectra were normalised to count rates per unit  112 
kBq m-2 (for activity on the ground) or per Bq m-3 (for activity in the canopy).Simulations of 113 
activity in the soil were repeated with the trees removed to allow comparison with the open field 114 
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assumption of the calibration. Simulations were conducted with the detector in the centre of the 115 
simulated forest, at a height of 1.2 m and with a cuboid water operator (Buchanan et al., 2016). 116 
For all forest densities the detector was modelled in the centre of the forest (position A, Fig. 2). 117 
For the lower density forest, the operator was moved to two offset positions to evaluate the effect 118 
of changing geometry during a measurement, midway between trees in a row (position C, Fig. 2) 119 
and the midpoint between this and the centre point (position B, Fig. 2). 120 
 121 
The geometry was restricted to allow a comparison between several different scenarios using a 122 
relatively small computing resource, and hence is finite. For open field conditions, activity at a 123 
mass depth of 1.0 g cm-2, 90% of detected full energy radiation originates from within a radius of 124 
approximately 25 m in open field conditions (Tyler et.al. 1996). Thus, the limited geometry for 125 
activity on the ground (25 m radius) is not expected to be a significant effect. For activity in the 126 
canopy, the relatively small number of trees in the simulation restricts the area of the canopy, 127 
with solid angles less than 2π.   Consideration of this geometrical effect will be needed in 128 
interpreting the simulation results, and the simulation data is used to aid in this interpretation. 129 
 130 
2.3 Field validation 131 
Field measurements are required to validate the results of the simulations. These were conducted 132 
in the forest adjacent to the former elementary school at Yamakiya, Kawamata town 133 
(37°36.169N, 140°40.582E), approximately 40 km from the FDNPP. This site has been 134 
extensively investigated, with both backpack mapping (Cresswell et.al., 2016), soil sampling 135 
(Takahashi et al., 2015) and analysis of throughfall and litterfall (Hidasome et al., 2013; Kato & 136 
Onda, 2014; Kato et al., 2015). The site has a mainly deciduous forest to the east of the school 137 
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that has a gentle slope of approximately 5° from north to south, and a red pine stand to the north 138 
of the school which has a slightly steeper slope of approximately 10° from east to west, thus 139 
approximating to the level ground of the simulations. An observation tower has been constructed 140 
within the mainly deciduous area of the forest to allow direct measurements within the canopy. 141 
Both areas have a stand density of approximately 2500 ha-1. 142 
 143 
The protocol for the verification measurements was to repeat the area surveys conducted in 2014 144 
and 2015 (Cresswell et al., 2016) to confirm that no substantial redistribution of activity has 145 
occurred, and to use this to select two locations for verification measurements, one within the 146 
mainly deciduous area where it is expected that the radiocaesium activity concentration in the 147 
canopy is low, and one within the red pine forest where it is anticipated that the radiocaesium 148 
activity concentration in the canopy is higher. Extended static measurements were conducted at 149 
these locations, both with and without the collimator fitted. The first location was used to verify 150 
the model for activity in the ground, and three soil cores were collected at this site in a triangular 151 
pattern with approximately 2 m spacing to estimate the 137Cs activity per unit area and depth 152 
profile for this location. The second location was used to verify the model for activity in the 153 
canopy.  154 
 155 
3. Results 156 
3.1 Validation of detector response 157 
Table 1 lists the efficiency and peak to total for mono-energetic sources at a distance of 10 cm 158 
from the detector face measured by Heath (1964) and simulated in this work, with a comparison 159 
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between the simulated spectrum for 137Cs and the spectrum measured by Heath in Fig. 3. It can 160 
be seen that there is good agreement between the simulated and experimental responses. 161 
 162 
Figure 4 shows a comparison between the simulated and measured angular response of the 163 
backpack system, using a 137Cs source, with the 76x76 mm NaI(Tl) detector inside a plastic 164 
container that also includes a GPS receiver, photomultiplier tube, digital spectrometer and 165 
integrated HV supply, and plastic foam. The simulation slightly overestimates the full energy 166 
peak efficiency, especially for angles greater than 90°, but is overall in good agreement with the 167 
measurements. The measured spectra were not collected in a scatter free environment, and so 168 
include scattered energy components not present in the simulation. Figure 5 shows a 169 
corresponding comparison for the angular response of the detector with the collimator fitted. 170 
 171 
The simulations slightly over estimate the detector efficiency compared to the measurements, 172 
especially for the downward angles (>150°) passing through the photomultiplier and 173 
spectrometer which are not fully described in the model. The simulations including the 174 
collimator gave significantly greater efficiencies for the downward angles compared to the 175 
measured efficiencies. However, the simulated efficiencies for these angles were consistent with 176 
the simulated efficiencies without the collimator, as would be expected.  177 
 178 
The simulations reproduce the properties of 76x76 mm NaI(Tl) detectors, both in isolation as 179 
described by Heath (1964) and within the SUERC portable gamma spectrometry system. 180 
Therefore, they are suitable for use in assessing the impact of forest environments on the 181 
calibration of such devices. 182 
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 183 
3.2 Simulations of detector fields of view 184 
Simulations were conducted for activity on the surface of the ground, and on the underside of the 185 
high canopy, with a 3 m spacing between rows of trees, for a series of rings at increasing 186 
distance from the detector to 45 m. It is recognised that radiation from activity within the ground 187 
and canopy will be collimated, and hence these simulations represent the maximum field of 188 
view. Figure 6 shows the proportion of full energy peak signal within an increasing radius from 189 
the detector, for both activity on the ground and the canopy. The field of view for the low canopy 190 
would be similar to that for activity on the ground. These field of view simulations are similar to 191 
the earlier calculations (Tyler et al. 1996), with 90% of the full energy count rate originating 192 
within 25 m. Thus, the limited scale of the simulations conducted accounts for the majority of the 193 
radiation from an infinite source, and these simulations can be used to account for the effect of 194 
limited geometry in subsequent simulations. The extent of the simulated space for activity in the 195 
canopy is indicated by the dashed line in Fig. 6, indicating that for the activity in the canopy the 196 
simulations represent a minimum 60-70% of the field of view.  197 
 198 
3.3 Simulation of attenuation by trees 199 
Table 2 lists the peak count rates, normalised to 1 kBq m-2 activity per unit area, for simulations 200 
of an open field geometry and forests with spacings of 2 m and 3 m between the rows of trees. 201 
For the 3 m spacing two offset positions are also reported. It can be seen that the count rates 202 
recorded for the three different positions are identical within uncertainty. Therefore, these offset 203 
simulations were not repeated for the other tree spacing and the average response across the three 204 
positions was used.  205 
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 206 
The count rates for the forest simulations were lower than the count rates for the open field 207 
simulations with the source at the same depth, as expected. The reductions relative to the open 208 
field geometries are also given in Table 2. As would be expected, the attenuation of signal 209 
originating from the ground is greater in the denser forests reflecting the increase in the average 210 
mass between source and detector. Also, increasing the burial depth of the activity, which acts to 211 
collimate the radiation reducing the contribution from radiation from greater distances that would 212 
pass through a greater number of trees, reduces the influence of the forests.  213 
 214 
3.4 Effect of activity in the canopy 215 
The simulations for the 3 m spacing forest were repeated with the collimator in place to assess 216 
the reduction in count rate this has on radiation from the ground. Simulations were also 217 
conducted with activity uniformly distributed in the canopy, both with and without the 218 
collimator. The count rates per unit activity concentration for these simulations are given in 219 
Table 3.  220 
 221 
It can be seen that for activity on the ground the collimator has a small effect, reducing the count 222 
rate by less than 10%, with the effect reduced for greater source burial. This is less than the 22% 223 
reduction calculated for the collimator effect from the measured angular response for open field 224 
conditions. However, as noted the measured angular response includes significant attenuation for 225 
radiation from below the detector which is unexpected, and not replicated in the simulated 226 
response. In addition, the attenuation of radiation by the trees reduces the detector field of view, 227 
and hence the influence of radiation from angles nearer 90°, in forests compared to open field 228 
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conditions. Since these angles are most affected by the collimator a reduced impact of the 229 
collimator in forests compared to open field conditions is expected.  230 
 231 
For the activity in the canopy, simulations of activity in 20 cm thick slices of the canopy (Table 232 
3) show that activity more than 1 m above the base of the canopy is attenuated by the canopy to 233 
the extent that this does not contribute to the detector response. Simulations have therefore been 234 
conducted for measurements with and without the collimator, for activity uniformly distributed 235 
in the lower 1 m of the canopy, for a canopy with a base at 2 m above the ground (the ‘low 236 
canopy’) and a canopy with a base at 4 m above the ground (the ‘high canopy’), for trees with 3 237 
m spacing. The results of these simulations are also summarised in Table 3. It can be seen that 238 
for the higher canopy the count rate is slightly reduced, reflecting the reduced solid angle for the 239 
source. Using the difference in the proportion of signal from within the area simulated in Fig. 6, 240 
the simulated 0.22 ± 0.02 cps would correspond to 0.25 ± 0.02 cps accounting for the geometric 241 
effect, consistent with the count rate for the low canopy. The overall effect of the collimator is 242 
similar for both canopy base heights, with a slightly reduced effect for the high canopy.  243 
 244 
In reality, it is unlikely that the canopy density and composition, nor the activity distribution 245 
within the canopy, would be uniform, and canopy heights would be variable. Thus, variations on 246 
the model may be needed to fit the outcomes to particular parameters of each forest.  247 
 248 
3.4 Verification of model through field measurements 249 
Measurements were taken in the forest by the former Yamakiya elementary school in May 2016, 250 
with soil cores collected. Following a resurvey of the forest to confirm no significant 251 
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redistribution of activity had occurred since the previous surveys in 2015 (Cresswell et al., 2016), 252 
two locations were selected for static measurements with and without the collimator. The first 253 
was a level section of forest with almost entirely Japanese oak of a similar age (trunk diameters 254 
between 30 and 40 cm) and a gradient in the radiocaesium activity per unit area of about 10% 255 
over a distance of 20-30 m. Previous measurements of samples from deciduous trees (Kato & 256 
Onda 2014, Kato et al. 2015) indicate that the activity in the canopy of these deciduous trees 257 
would be very small. This site was selected to evaluate the attenuation of radiation on the 258 
ground, and three soil cores were taken at a distance of approximately 2 m from the 259 
measurement point to allow an estimation of the radiocaesium activity distribution from which 260 
the expected open field response of the detector could be determined. It is recognised that small 261 
scale heterogeneity is expected, and that three cores are inadequate to fully characterise the site. 262 
For the establishment of calibration sites, practice established in the UK and Europe (Sanderson 263 
et al., 2013; Tyler et al., 1996; Sanderson et al., 2003, 2004) is to collect a much larger number 264 
of cores in a spatially representative manner. However, when resource is limited a smaller 265 
number have been used previously to produce a reasonable estimate of the activity per unit area 266 
on a site (Sanderson et al., 2003, 2004). The second site was a small stand of Red Pine, where it 267 
was hoped that the activity in the canopy would be more significant. This site was slightly 268 
sloping, with a slightly larger gradient in radiocaesium activity per unit area. The pine trees were 269 
tall, more than 10 m, and covered a small area of 20-30 m dimensions, with some Japanese oak 270 
and other deciduous trees mixed in. It is recognised that the combination of the small stand size 271 
and high canopy, with intervening deciduous canopy, results in less than ideal conditions with a 272 
reduced solid angle for activity in the canopy and intervening attenuating material. This site was 273 
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specifically selected to evaluate the collimator effect, and no soil samples were collected. Fuller 274 
details of the samples and measurements are given in the Supplementary Material. 275 
 276 
The results of the measurements are summarised in Table 4. For the effect of the attenuation by 277 
the trees these are constrained by the relatively large dispersion in the soil core data, resulting in 278 
a large uncertainty in the 137Cs activity per unit area and associated expected open field count 279 
rate.. The reduction in 137Cs count rate compared to the open field calibration was, however, 280 
consistent with the output from the model (measured 12 ± 9%, modelled 15 ± 5%). For the 281 
measurements of the effect of the collimator, measurements in both the areas dominated by oak 282 
and with the pine stand were consistent with the simulations with no measurable activity in the 283 
canopy (measured 8 ± 8% and -1 ± 10%, modelled 8 ± 3%). It is likely that the measurements in 284 
the pine stand were influenced by the small solid angle of the pine stand with the very high 285 
canopy, and attenuation by intervening deciduous canopy, and potentially by a low concentration 286 
of activity retained in the canopy. It will be necessary to locate a forest area that covers a larger 287 
area, with a low canopy and known to retain significant activity in the canopy to verify the 288 
modelled response of the detector with the collimator fitted to activity in the canopy. 289 
 290 
4. Discussion and Conclusions 291 
A Monte Carlo code was developed using GEANT4 to model the response of backpack systems 292 
in forest environments. This code was validated by simulation of a 76x76 mm NaI(Tl) matching 293 
that described by Heath (1964), with excellent agreement between the simulation conducted in 294 
this work with these measurements. The detector system was then modified to match the 76x76 295 
mm NaI(Tl) detector in the SUERC portable gamma spectrometry system, with the associated 296 
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container and electronics. Simulations of point 137Cs sources in a large open volume were 297 
conducted with the source at different azimuthal angles around the detector. These were 298 
compared with laboratory measurements conducted on a bench top, and hence presenting a large 299 
scattered energy component in the spectra.  Again, these show good agreement between 300 
simulation and measurement, although the efficiencies calculated from the simulation are slightly 301 
higher than the measurements.  302 
 303 
The SUERC portable gamma spectrometry system also includes an optional collimator cap, 304 
designed to attenuate radiation from above the detector by approximately 50%. This was also 305 
included in the model, and compared with a corresponding set of laboratory measurements. In 306 
this case, the agreement between experimental measurements and simulation was not as good. 307 
The simulation predicted a significantly larger efficiency, and a smaller reduction in efficiency 308 
with the cap fitted, than the measurements. This is particularly evident for geometries with the 309 
source below the detector. For these geometries the collimator introduces less additional 310 
shielding, which is reflected in the simulation with the experimental data showing a reduction in 311 
efficiency with the collimator at these positions, hence there is likely to be an additional factor in 312 
the experiment that has not been accounted for. However, it is noted that this effect is not 313 
significant for activity in the canopy where the radiation source is above the detector where the 314 
simulation and measurements are in better agreement.  315 
 316 
These simulations of point sources indicate that the model satisfactorily reproduces experimental 317 
measurements of the SUERC portable gamma spectrometry system, and therefore is suitable for 318 
evaluating the response of this system in forest environments. A model was developed of a 319 
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simplified, generic forest, and used to simulate the response of the backpack system to activity in 320 
the soil and the canopy, both with and without the collimator. Measurements collected from a 321 
forest area in Fukushima were consistent with the outputs from the model. 322 
 323 
For activity on the ground, the primary question is the extent to which attenuation by trees 324 
affects the measured activity per unit area for systems calibrated assuming an open field 325 
geometry. The simulations have shown a maximum effect for activity on the surface, with the 326 
reduction in count rate as a result of attenuation by the trees decreasing with increasing depth of 327 
activity. This is consistent with a combination of the detector field of view being reduced with 328 
increased source depth, and hence reduced influence of gamma rays from more distant locations 329 
that pass through a larger biomass, and the reduction in the proportion of the total mass depth 330 
radiation passes through from the trees. As expected, the effect is also larger for increased 331 
density of the forest. The position of the detector relative to the trees in these simulations had 332 
little or no effect on the simulated count rate. 333 
 334 
The maximum effect for these simulations has been for a dense forest with a stand density of 335 
approximately 2500 ha-1 of large trees with 50 cm diameter trunks, where for surface activity the 336 
backpack would underestimate the activity per unit area by 35% if calibrated to open field 337 
conditions. The majority of forests would have either lower stand densities, or smaller trees, and 338 
activity that is not on the surface, and the underestimation of activity per unit area would 339 
therefore be less than this. The simulations conducted suggest that corrections of less than 20% 340 
would need to be applied in all but a few cases, and that in many cases corrections of less than 341 
10% would be needed.  342 
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 343 
The simulations of activity in the canopy showed that, for the canopy density used here, gamma 344 
rays from 137Cs do not significantly penetrate more than 1 m in the canopy. The geometry of the 345 
simulation models a source-detector solid angle which is less than 2π, and some geometrical 346 
corrections to account for the change in solid angle when the base of the canopy is increased 347 
need to be applied. After these corrections, the count rate per unit activity in the canopy was 348 
independent of the height of the canopy base. It is noted that the simulated count rate for the 349 
same activity distributed in the canopy was significantly less than on the ground, by 350 
approximately a factor of four if the activity in the canopy was distributed in a 1 m depth, with 351 
the exact comparison dependent on the activity distribution in the soil and canopy. Therefore, the 352 
influence of activity in the canopy on the measured activity per unit area was small unless the 353 
activity in the canopy was greater than that on the ground. 354 
 355 
With the collimator fitted, the simulations predict a reduction in count rate from activity in the 356 
canopy of 43 ± 5%, and less than 10% from activity on the ground. This is very similar to the 357 
count rate reduction from above calculated from the measurements of angular response (42%), 358 
although these measurements predicted a larger reduction in count rate for activity on the ground 359 
(22%) which in part would be explained by the reduction in efficiency measured below the 360 
detector despite no additional shielding present.  361 
 362 
The simulation of the collimated system demonstrates that a two-step survey, with and without 363 
the collimator, would allow an estimation of activity within the canopy. For the simplified forest 364 
simulated here, with activity distributed uniformly throughout the canopy, a reduction in count 365 
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rate of 1 cps by using the collimator would correspond to a 137Cs activity per unit volume in the 366 
canopy of 9.1 ± 1.8 kBq m-3, corresponding to 36 ± 7 Bq kg-1.  367 
 368 
The model presented here has been developed specifically for the SUERC portable gamma 369 
spectrometry system operated as a backpack detector, however the results are applicable to other 370 
systems within forests and the method may be readily extended to other environments.  371 
 372 
  373 
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Associated content 374 
Table S.1: Description of different compartments within the model.  375 
Figure S.1: 137Cs distribution around the former Yamakiya Elementary School, showing areas of 376 
Japanese oak (northern circle) and red pine stands (southern circle) identified for measurements 377 
to validate the forest model. 378 
Figure S.2: Location of measurement point (red star) and soil sampling locations (red dots) in the 379 
area of the forest by the former Yamakiya elementary school dominated by Japanese oak. The 380 
black circles indicate the location of the trees closest to the measurement point. 381 
Table S.2: Laboratory gamma spectrometry results on three cores collected from the forest site 382 
near the former Yamakiya elementary school. 383 
Table S.3: Activity per unit area and mass depth for each core collected from the forest site near 384 
the former Yamakiya elementary school. 385 
 386 
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Figure 1. Schematic of the backpack system consisting of a NaI(Tl) crystal with photomultiplier 498 
(PMT) and digital multi-channel analyser (MCA) in a weather proof canister, and optional 499 
collimator (dashed line). The centre of the crystal is at a height of approximately 1.2 m. For the 500 
simulation, a cuboid shaped operator is used (Buchanan et al., 2016).  501 
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 502 
Figure 2. Schematic of simplified forest geometry, with a low canopy, showing three detector 503 
positions (A, B and C) used. Simulations with a high canopy (base 4 m above ground and 10 m 504 
height) have also been conducted. 505 
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 507 
Figure 3. Comparison between the simulated spectrum (red) for a 137Cs source at 10 cm from a 508 
3x3” NaI(Tl) detector, and the spectrum measured by Heath (1964). Note that the simulation 509 
does not include the Ba x-ray. 510 
  511 
 27 
 
 512 
Figure 4. Comparison between simulated (red) and measured (black) angular response for the 513 
backpack system (top left) with spectra at selected angles. 514 
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 516 
Figure 5. Comparison between simulated (red) and measured (black) angular response for the 517 
backpack system with the collimator fitted. 518 
 519 
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Figure 6. Proportion of simulated 137Cs full energy count rate as a function of range for activity 520 
on the ground surface (black) and the underside of the high canopy (red). 521 
 522 
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Table 1. Comparison between total efficiency and peak to total values measured by Heath 524 
(1964) and simulated in this work for three mono-energetic gamma emitting radionuclides at 10 525 
cm distance from the detector face.  526 
 
Total Efficiency Peak to Total 
 
Measured Simulated Measured Simulated 
137Cs  0.0202 0.0195 ± 0.0001 0.536 0.528 ± 0.006 
47Sc  0.0303 0.0283 ± 0.0002 0.960 0.900 ± 0.008 
88Y  0.0150 0.0146 ± 0.0003 0.280 0.287 ± 0.002 
  527 
 31 
 
Table 2. Simulated count rates per unit activity per unit area, for different tree spacing, offsets 528 
and source depths, with reductions relative to open field conditions. 529 
 530 
  531 
Depth Position Open field 3 m spacing 2 m spacing 
(g cm-2)  (cps (kBq m-2)-1) (cps (kBq m-2)-1) Reduction 
(%) 
(cps (kBq m-2)-1) Reduction 
(%) 
0 A 2.05 ± 0.08 1.68 ± 0.05 18.0 ± 4.4 1.34 ± 0.05 34.6 ± 4.5 
B  1.64 ± 0.05  19.9 ± 4.5   
C  1.69 ± 0.05 17.6 ± 4.4   
average  1.67 ± 0.03 18.5 ± 4.0   
0.8 A 1.36 ± 0.07 1.17 ± 0.06 14.4 ± 6.6 0.98 ± 0.04 28.3 ± 5.7 
B  1.16 ± 0.04 14.6 ± 5.8   
C  1.12 ± 0.04 17.9 ± 5.8   
average  1.15 ± 0.03 15.6 ± 5.3   
1.6 A 1.00 ± 0.04 0.87 ± 0.04 13.1 ± 6.1 0.82 ± 0.04 17.6 ± 6.0 
B  0.94 ± 0.04 6.1 ± 5.7   
C  0.92 ± 0.05 8.1 ± 6.4   
average  0.91 ± 0.02 9.1 ± 4.9   
2.4 A 0.79 ± 0.04 0.72 ± 0.05 8.2 ± 7.8 0.61 ± 0.03 22.0 ± 6.4 
B  0.70 ± 0.03 10.6 ± 6.4   
C  0.78 ± 0.03 1.3 ± 6.6   
average  0.73 ± 0.02 6.7 ± 5.7   
 32 
 
Table 3. Simulated count rates per unit activity per unit area for activity on the ground, and per 532 
unit activity per unit volume for activity in the canopy (low canopy with a base 2 m above 533 
ground, high canopy with a base 4 m above ground), with and without the collimator. 534 
Geometry Without collimator 
(cps (kBq m-2)-1) 
With collimator 
(cps (kBq m-2)-1) 
Reduction (%) 
On ground, 0 g cm-2 depth 1.67 ± 0.03 1.51 ± 0.11 9.6 ± 6.6 
In ground, 1.6 g cm-2 depth 0.91 ± 0.02 0.97 ± 0.09 -6.6 ± 9.9 
 (cps (kBq m-3)-1) (cps (kBq m-3)-1)  
In low canopy, 2.0-2.2 m above 
ground 
0.65 ± 0.05   
In low canopy, 2.2-2.4 m above 
ground 
0.20 ± 0.03   
In low canopy, 2.4-2.6 m above 
ground 
0.15 ± 0.03   
In low canopy, 2.6-2.8 m above 
ground 
0.05 ± 0.02   
In low canopy, 2-3 m above ground 0.26 ± 0.02 0.15 ± 0.01 43 ± 5 
In high canopy, 4-5 m above ground 0.22 ± 0.02 0.15 ± 0.01 31 ± 4 
 535 
 536 
  537 
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Table 4. Summary of measurements conducted at Yamakiya school forest, showing the activity 538 
per unit area and relaxation mass depth determined from soil samples, with the expected count 539 
rate for open field condition, and the measured count rates with and without the collimator cap. 540 
The reduction compared to open field conditions corresponds to attenuation by the trees, and for 541 
the collimated measurements compared to uncollimated the effect of the collimator.  542 
Site 137Cs Open 
field  
Uncollimated Reduction 
relative to 
open field 
Collimated  Reduction 
relative to 
uncollimated  
 kBq m-2 g cm-2 cps cps (%) cps (%) 
Oak 365 ± 
268 
0.85 ± 
0.33 
610 ± 
450 
540 ± 30 12 ± 9 497 ± 30 8.0 ± 8.2 
Pine    589 ± 48  598 ± 29 -1.5 ± 9.3 
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